THE ESCAPE OF HEMOGLOBIN FROM THE RED CELL DURING HEMOLYSIS by Ponder, Eric & Marsland, Douglas
THE  ESCAPE  OF HEMOGLOBIN  FROM  THE  RED  CELL 
DURING  HEMOLYSIS 
BY ERIC PONDER  AND DOUGLAS MARSLAND 
(From The Biological Laboratory, Cold  Spring Harbor, Long Island, and the Depart- 
ment of Biology, Washington Square College, New York University, New York) 
(Accepted for publication, January 30, 1935) 
Recently one of us published preliminary observations on the rate 
at which pigment leaves the human red cell when it is hemolyzed by 
moderate concentrations of saponin  (Ponder, 1934 a).  Shortly after- 
wards Fricke  (1934) gave a  theoretical treatment of the subject, and 
showed  that  for a  completely permeable membrane the time for the 
hemoglobin  to  decrease  to  10  per  cent  of its  original  concentration 
should  be  0.16  second in  the  case  of the  human  erythrocyte.  The 
longer times (several seconds) observed when moderate concentrations 
of saponin are used must accordingly correspond to a  state of partial 
permeability, and in view of the results of the theoretical treatment it is 
desirable to have complete experimental data.  With these this paper 
is concerned. 
Methods 
Human red ceils were used because of their large size, and the rate of escape 
of the pigment was found, as before, by taking moving pictures of the fading cells 
and making measurements on the films.  In order to get a large number of cells 
per frame, the magnification  was only 264 instead of 860, as in the preliminary 
measurements, and more attention was paid to obtaining good contrast than to 
having a high degree of resolution with its attendant disadvantage of small depth 
of focus.  High resolution was, in fact, out of the question when the mixing of 
the cells and the lysin was done with micro pipettes.  1 
1 Principally because, in order to obtain working room, the cover-glass on which 
the drops of suspension are placed has to be mounted a considerable distance above 
the condenser, which  must either be a  long focus condenser of correspondingly 
small aplanatic aperture, or an ordinary condenser with its top lens, and conse- 
quently most of its efficiency, removed.  Under such circumstances nothing is to 
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Two methods of mixing the cells and the lysin were used, according to whether 
the latter was dilute or concentrated.  In the former case, a small drop of a 5 per 
cent suspension of washed red cells in 1 per cent NaC1 was mixed on a slide with 
an equal drop of saponin of known concentration, also in 1 per cent NaC1.  A 
slow frame speed (5 per second) can be used in the interests of economy.  The 
cells can easily be kept in focus by observing them through the side telescope with 
which the apparatus  was fitted, and this procedure is quite  adequate  provided 
the lysis of the majority of the cells  takes 30 seconds or longer.  The lysin, of 
course, is diluted to half its original concentration in the process of mixing. 
If hemolysis is more rapid the mixing must be done with a  micro pipette.  A 
number of small drops of the suspension, less than 1 ram. in diameter, is placed 
on a  cover-glass with a  fine capillary pipette.  The cover-glass is then inverted 
over a  moist chamber and a  drop focussed.  The lysin is drawn up into a  micro 
•  pipette with a tip about 10# wide, and a small droplet is injected into the middle 
of the drop of suspension.  The droplet of lysin rapidly spreads outwards, pushing 
the ceils before it, and those at the interface are acted on by the lysin in virtually 
full concentration.  2  Cinematography is begun as soon as the micro pipette  is 
raised  into the drop of suspension,  and continued until  hemolysis is complete. 
Relatively rapid frame speeds (15 to 25 per second) are necessary.  It is remark- 
able how the cells  remain in the plane of focus, and lysis is preceded by a  short 
latent period during which the interface can be brought to the centre of the field. 
The procedure can be repeated as often as there are drops of suspension on the 
cover-glass. 
If the rate of escape of pigment during hypotonic hemolysis is to be measured, 
small quantities of NaC1 of different tonicities, or even of water itself, are injected 
into still smaller droplets of concentrated suspension.  Under these circumstances 
it is very difficult to keep the cells in focus, and such as appear in focus on the 
film do so by pure chance.  Further, it is impossible to be certain what the tonicity 
really is after the mixing, and so such experiments yield only very approximate 
results. 
be gained by using an objective of a  high n.a., and, when the mixing has  to be 
done with micro pipettes, it is very doubtful if the effective n.a. of the system can 
be raised above about 0.5.  When the mixing is done by adding the lysin to the 
cell suspension and covering in the usual way, the n.a.  can be raised to at least 
0.9,  with a  corresponding improvement in resolution. 
Some dilution must, of course, take place, but as the volume of the injected 
drop and that of the drop of suspension are about equal,  the greatest  possible 
dilution is about 1 to 2, and it is very unlikely that a  dilution as great as this 
occurs in the neighborhood of the interface.  Even if it did, the general course 
of the graph shown in Fig. 1 would be little altered, and failure to take account 
of such dilution as occurs would tend to make the experimental  fading times in 
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The developed film is driven through a "Moveola," and, the frame speed being 
always known, one can fix one's attention on a  single cell and measure the time 
between the moment when it begins to fade and the time when it contains only 
about 10 per cent of its initial amount of pigment.  The beginning of the fading 
process is very sharp.  Shortly before hemolysis occurs, each cell becomes spherical 
and stands out with great distinctness from its background.  Because the con- 
centration gradient of the pigment is at a maximum initially, the rate of escape 
of pigment is greatest when fading begins, and the passage of the large amount 
of hemoglobin across the cell  surface gives the cell the appearance of slightly in- 
creasing in size, principally because of the sudden change in the intensity of the 
diffraction bands surrounding it.  This change can be particularly well seen with 
the Cassegrain dark-ground condenser (MiUar, 1925). 
The moment at which the cell contains only 10 per cent of its initial hemoglobin 
is more difficult to fix, and the only practical way of determining it is to make a 
visual comparison of the density of the image of the fading cell with that of images 
on spherical but unhemolyzed cells  and of spherical  cells which are known to 
contain about 10 per cent of the pigment initially present.  To obtain the photo- 
graphs for comparison one proceeds as follows.  To 1 cc. of packed cells is added 
9 co. of a NaC1 solution so hypotonic as to produce about 95 per cent hemolysis. 
The concentration of pigment in the hemolyzed ghosts of such a  suspension is 
then  approximately  one-tenth  of that  initially  present  in the  cells.  Sufficient 
10 per cent NaC1 is added to restore the original tonicity, under which circum- 
stances the so called "reversal of hemolysis" occurs; i.e.,  the ghosts shrink to the 
same volume as that normally occupied by the cells  and become visible against 
their background (see Bayliss, 1924-25).  The 5 per cent of cells  which did not 
hemolyze also  assume  their  original  volume,  and  these  contain  their  original 
hemoglobin in its  original concentration,  while the  concentration in the ghosts 
is either 0.1 or about 0.13 of the original, according to whether the cell membrane 
is permeable  or impermeable  to hemoglobin after the  "reversal,"  with its  con- 
comitant shrinking,  has occurred, a  point which is not known.  The cells  and 
ghosts are gently centrifuged off, lecithinated in order to convert them into spheres 
(Ponder and Robinson,  1934),  and at once photographed.  Since they are seen 
side by side on the developed negative one can form an excellont estimate as to 
how pale a  cell looks when it has lost 90 per cent of its  pigment.  It looks sur- 
prisingly pale.  With this estimate to guide one, it is then possible to fix fairly 
exactly the moment during the fading process at which a  90 per cent reduction 
in hemoglobin concentration is reached.  8 
3 At first sight it might appear that densitometry would be an improvement 
over mere  visual  inspection,  but  there  are  several  grave objections  to density 
measurements on these films.  (1) The image of the cell is small, and the resolu- 
tion poor (see footnote 1); as a result the image is largely made up  of diffraction 
bands  whose  intensity  and  position  are  unknown.  (2)  Absorption  of directly 
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An approximate idea of the "fading time" in different concentrations of lysin 
having been obtained by viewing the film in the "Moveola," portions of the film 
can be examined with a lens, frame by frame, and an even closer value for the rate 
of escape of the pigment arrived at. 
RESULTS 
The results for saponin and human  red cells are shown in Table I 
and in  Fig.  1,  each value being an average for from eight to sixteen 
cells.  The table gives the dilution of saponin in the entire system, the 
time t for fading to a  10 per cent hemoglobin concentration, the per- 
meability of the membrane to hemoglobin, #~,  and the product Nd, 
from  which  the  necessary number  N  of holes  of diameter d  can be 
TABLE I 
Dilution, 1 in 
25,000 
20,OO0 
18,000 
16,000 
14,000 
10,000 
5,000 
1,0OO 
100 
10 
Fading tlme, 
11.6 
11.5 
11.0 
9.0 
6.0 
3.6 
1.5 
0.55 
0.23 
0.20 
~UH' X  (10  -4) 
cm,/$~° 
0.187 
0.189 
0.198 
0.243 
0.369 
0.625 
1.61 
5.50 
30.7 
53.8 
Nd. 
0.26 
0.27 
0.28 
0.34 
0.52 
0.87 
2.2 
7,7 
43 
75 
found if one is considering the hypothesis that lysis occurs because of 
the appearance of holes in the membrane.  In calculating #R, Fricke's 
simplified expression  (4)  was  used,  and  this assumes  that  the fading 
time is long in comparison with 0.16 second, the time corresponding to 
determines the density, for a  considerable  quantity of light is scattered  at  the 
cell surface.  (3)  The density of the image is exceedingly sensitive to small differ- 
ences in focus.  We have tried to make density measurements on films in which 
fading cells were photographed at high magnification, and the results have proved 
quite unsatisfactory.  It is possible  to show that the  decrease  in  density is ap- 
proximately linear with time i.e., that the fading is exponential, but the scatter 
of individual points about the line leaves one very dissatisfied  with the whole 
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a  completely permeable membrane.  For the shortest experimental 
fading times this condition is not satisfied, but for our purpose it is 
sufficient to subtract 0.16 second from the experimental fading time, 
and this has been done throughout.  The value 2.8.(10  -4)  cm. was 
used for p, and 7. (10 -~) cm.2/sec, for D. 
I in 
g 
100  : 
f  I  I  !  I  I  I  I  [  I  t  I 
5ecl  2 3 4 5 6 "7  6 9 101112 
Time  fo~  fading 
Fio.  1 
Extrapolating to  zero  dilution, the  fastest  fading time would be 
0.195 second, which is a little longer than the theoretical time corre- 
sponding to complete permeability of the membrane, 0.16 second. 
The experiments with hypotonic saline, while much less satisfactory, 
were definite in showing that the time for fading is virtually inde- 
pendent of the tonicity used to bring about lysis.  If a cell hemolyzes 
at  all,  the loss of pigment occurs in from 0.6 to 0.8  second, which 
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globin (#g =  4.9 to 3.4 (10 -4) cm./sec.).  It is very difficult, however, 
to ascertain the fading time with any degree of exactness, principally 
because the cells are swollen before they begin to hemolyze, and also 
because their form is not regular. 
DISCUSSION 
These results are best discussed under a number of separate heads. 
1.  The most important point is that in the case of hemolysis by a 
substance like  saponin the permeability of the  cell membrane is  a 
function of the concentration of lysin used.  When the latter is very 
great, the fading time is such as corresponds to a  state of very high 
permeability of the membrane to hemoglobin, while when the lysin 
concentration is small, the permeability may be less than 1 per cent 
of  the  maximum  value  observed.  Even  with  the  greatest  lysin 
concentration used, however,  the fading time is  appreciably longer 
than that which corresponds theoretically to complete permeability, 
but this may be due to one of two things.  (a).  It will be shown below 
that much of the increase in permeability in the higher saponin concen- 
trations probably occurs within the short fading time itself, and it is 
likely that the cell begins to fade when the minimal value of #8 (about 
0.185  (10-4)  cm./sec.)  is  reached;  the  permeability  then  increases 
rapidly and the cell may be completely permeable to pigment before 
fading is  complete,  but  the  maximum permeability observed  will, 
under  such  circumstances, be  always  a  little  less  than  that  which 
would be observed if, during the entire fading time, the permeability 
were complete.  The delay is probably about 0.02 second and subtrac- 
tion of this value from the shortest fading time observed brings the 
latter still closer to the theoretical value.  (b).  Since the cell envelope 
as  a  whole is thicker than  the thin layer upon which permeability 
depends  and  since  the  former  does  not  wholly disintegrate,  some 
barrier to the diffusion of hemoglobin may still exist even when the 
latter layer is completely broken down.  The barrier, however, cannot 
be  a  very substantial one, for the maximum value of #~  observed 
differs from the maximum theoretical value by only about 10 per cent. 
Virtually all the impermeability must therefore reside in the thin layer 
just mentioned, and the  10 per cent difference might easily be  ac- 
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like "envelope."  When the lysin is very dilute, on the other hand, 
we approach a  minimal value for/z~ (about 0.185  (10  -4)  cm./sec.), 
and, unless the lysin can bring about this degree of permeability, the 
cell does not hemolyze at all.  There is a correspondence between these 
results and those obtained from measurements of electric conductance, 
for  when  saponin  is  used in  low  concentration the  cells,  although 
hemolyzed, are  found  to  have  a  conductance too  low  to  measure, 
whereas saponin  (and some other lysins) in high concentration pro- 
duces  a  complete permeability to  the  electric current  (Fricke  and 
Curtis,  1935). 
2.  It is important to consider an apparent incompatibility between 
this  dependence of permeability upon  lysin  concentration  and  the 
idea that the lysis of a  cell occurs when a  certain fixed quantity of 
lysin has been utilized in combining with the cell envelope (Ponder, 
1934 b), particularly as the latter idea underlies the present treatment 
of  the kinetics  of hemolytic systems.  The  apparent  contradiction 
disappears when we consider the quantity of lysin which is used up 
in combining with the cell envelope during the time for fading itself, 
and the point is best illustrated by a numerical example, applicable to 
the systems used in the foregoing experiments.  4 
Suppose complete lysis to occur in infinite time in a  dilution of 1 
in 25,000  (80 microgm, in the entire system); the least resistant cells 
of the suspension may then be expected to hemolyze when about 8 
microgm, of lysin is present, and it is these cells which are usually 
observed in the films.  In the usual equation for the velocity of trans- 
formation (Ponder, 1934 b, expression 30), put n  =  2.0 and k  =  104; 
this gives a time of 9 rain. for the lysis of the least resistant cells in a 
saponin dilution of 1 in 20,000,  which is about the right value.  Re- 
taining these values of the constants, let us calculate how much lysin 
will enter into combination with the cell envelope during the times 
taken for fading.  The results are shown in Table II. 
More specifically, suppose that a  cell begins to hemolyze in a  1 in 
4  The kinetics of hemolysis in systems such as these are so well known that it 
is easy to select approximately the right constants.  It is doubtful, of course, 
whether the usual equations really apply to such great saponin concentrations 
as ! in tO and 1 in 100, but the calculated values may be taken as illustrative of 
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20,000 dilution of saponin when the amount of lysin transformed in the 
system is 8 microgm., and that the permeability of its membrane is the 
minimal value of 0.185  (10  -~) cm./sec., the permeability will undergo 
virtually no increase during the time taken for loss of pigment, for the 
additional lysin transformed during this period is only 0.16 microgm. 
Were the same cell to begin to hemolyze in a dilution of 1 in 10 when 
8  microgm,  of lysin  was  again  transformed,  its  initial  permeability 
being the same minimal value as before, there would be transformed 
during the short fading time of 0.2 second an additional 1500 microgm. 
of lysin.  This quantity is so great that the membrane would almost 
certainly be wholly disintegrated  before the end of the fading  time; 
i.e.,  its permeability to hemoglobin would become complete.  5 
TABLE  II 
Dilution, 1 in  Fading time  Lysin combined 
20,000 
10,000 
1,000 
100 
10 
$~. 
11.5 
3.6 
0.55 
0.23 
0.20 
~¢rogm, 
0.16 
0.44) 
7.0 
200 
1500 
3.  The results throw little light on the question as to whether lysis 
occurs because of a generalized increase in membrane permeability or 
because of the appearance of holes in the membrane.  For the stronger 
concentrations of lysin, however, one would have to postulate so many 
holes that the distinction is almost meaningless. 
4.  The relative constancy of the fading time when cells are hemo- 
lyzed by hypotonic solutions is interesting in view of the way in which 
hypotonic hemolysis is generally supposed to occur viz.,  by the  cell's 
swelling to  a  certain  critical  volume  (Jacobs,  1930),  and  its  surface 
5 In a saponin concentration of 1 in 10, something of the order of 10 per cent 
of the cell envelope would be transformed within the time of fading.  It may be 
pointed out that, on the hypothesis that lysis is due to the appearance of holes, 
the total area of the holes which it would be necessary to postulate in order to 
get a fading time  of 0.2  second would be about  10 per cent  of the cen  area. 
There may be some connection between these two facts. ERIC  PONDER AND  DOUGLAS MARSLAND  43 
undergoing a definite amount of extension.  It is not surprising that a 
constant amount of stretching should be associated with a constant 
permeability to hemoglobin; the numerical value of #H, however, is 
unexpectedly high in view of the fact that the ceils, even when hemo- 
lyzed, can be treated as virtual non-conductors (Fricke and Curtis, 
1935).  It should he remembered, on the other hand, that the observed 
fading times of 0.6 to 0.8 second are probably a minimum estimate, for 
the cells are swollen, and therefore relatively pale, when the fading be- 
gins, and there is no way of making comparison photographs to show 
what density corresponds to a 90 per cent loss of pigment, as there is 
in the case of saponin.  The most that can be said is that the observed 
fading time, even if it is 100 per cent too short, is scarcely compatible 
with the occurrence of a  single rent or hole in the cell membrane; i.e., 
the cell appears to leak pigment rather than to burst. 
SUMMARY 
By means of measurements from cinematograph films  of the time 
taken for  human red cells  to lose  hemoglobin while  hemolyzing, it  is 
shown that small  concentrations  of saponin bring about a relatively 
small  permeability  of  the  cell  membrane to  the  pigment, whereas  large 
concentrations  so  destroy  the  membrane that  thc theoretical  time for 
loss of pigment through a completely permeable membrane  (0.16 
second) is  very nearly  attained. These results  are  in agreement with 
those  obtained from electrical  measurements, and the dependence of 
permeability  on lysin  concentration  can be explained  on the basis  of 
what is  known about the rate  of transformation  of lysin  as it reacts 
with the cell  envelope. When  cells  are hemolyzed by hypotonic 
solutions,  on the other hand, the permeability  of the membrane to 
pigment is  nearly  constant,  irrespective  of the tonicity  used to bring 
about lysis. 
We have to thank Dr. Robert Chambers for his kindness in letting 
us use his motion picture camera. 
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